Lomofungin, an antibiotic active against fungi, yeasts, and bacteria, rapidly inhibits synthesis of ribonucleic acid (RNA) but not protein by protoplasts of Saccharomyces strain 1016. With 40 ,g of lomofungin/ml, RNA synthesis was almost completely halted after 10 min of incubation; protein synthesis continued for at least 40 min. Since lomofungin inhibits isolated RNA polymerases from yeast, but not in vitro protein synthesis, it is concluded that the primary action of lomofungin in yeast protoplasts is on RNA synthesis. Examination of the pulse-labeled RNA indicated that biosynthesis of both ribosomal precursor RNAs and messenger RNAs was severely inhibited after the protoplasts were incubated with lomofungin for 5 min, whereas formation of small-molecularweight RNA (4 to 5s) was only slightly affected. Under these conditions, lomofungin almost completely prevented induction of a-glucosidase. Once the protoplasts had been induced, further production of the enzyme was not impaired by lomofungin until after 30 min of incubation, but was rapidly halted by cycloheximide (4 ug/ml). Lomofungin inhibition of invertase formation by protoplasts actively synthesizing the enzyme also became evident only after a lag of about 30 to 40 min, although synthesis was promptly halted by cycloheximide. These observations suggest the existence of relatively long-lived specific messenger RNAs for these enzymes.
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Lomofungin, 1 -carbomethoxy-5 -formyl -4,6,8-trihydroxyphenazine (25) , is an antibiotic produced by Streptomyces lomendensis var. lomendensis. It has been reported to inhibit the growth of gram-positive and gram-negative bacteria, yeast, and other fungi (13) . From studies with a strain of Saccharomyces cerevisiae, Gottlieb and Nicolas (5) proposed that synthesis of ribonucleic-acid (RNA) was preferentially sensitive to the antibiotic, whereas deoxyribonucleic acid (DNA) synthesis was less affected. Furthermore, in vitro studies showed that protein synthesis was not inhibited by lomofungin.
We have investigated the action of lomofungin on yeast protoplasts as well as on isolated yeast RNA polymerases (3) and conclude that the primary inhibitory effect is on the synthesis of RNA. The effect of lomofungin on the formation of several enzymes by protoplasts was examined. The kinetics of inhibition are consistent with the existence of relatively longlived messenger RNAs (mRNAs) for invertase, a-glucosidase, and acid phosphatase.
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MATERIALS AND METHODS Growth of organisms and preparation of protoplasts. Saccharomyces strain 1016 was used; the properties of this mutant have been described (15, 16) . The organism was grown as described previously (16) Protoplasts were prepared from the exponentialphase cells in 0.6 M KCl medium and then washed with 0.8 M sorbitol medium as described by Kuo and Lampen (15, 16) . Conditions for enzyme formation by protoplasts and assays of enzyme activities. Washed protoplasts were suspended at 5 x 107 per ml in 0.8 M sorbitol medium with the indicated concentration of sugar as energy source and were incubated at 30 C in a reciprocating shaker (16) . Samples were periodically removed from the incubation mixture and transferred to chilled tubes containing 4 volumes of ice-cold water to lyse the protoplasts. The resulting suspensions were assayed for invertase, acid phosphatase, and aglucosidase (15, 16) .
Synthesis of nucleic acid and protein by protoplasts. Incorporation of "4C-amino acids, 8H-uridine, or "4C-adenine into trichloroacetic acidinsoluble material was used as an index of protein and RNA synthesis. These precursors were added to protoplast suspensions which had been preincubated for 80 min at 30 C with 50 or 100 mM fructose; after specified times, 0.5-ml samples were removed and the reaction was stopped by adding 2 ml of 10% trichloroacetic acid. Incorporation of "4C-amino acids into the protein fraction was measured according to Kuo and Lampen (15) . For measurement of uridine incorporation, the acid-insoluble materials were kept at 0 C for 60 min, then collected on glass-filter paper (Whatman GF/A), and washed twice with 5 ml of ice-cold trichloroacetic acid (5%) containing 10 ,g of cold uridine/ml. The dried filters were placed in 10 ml of toluene-Omnifluor (New England Nuclear Corp.) scintillation mixture, and the radioactivity was counted in a Packard Tri-Carb liquid scintillation spectrometer.
Analysis of total RNA by polyacrylamide gel electrophoresis. Washed protoplasts were suspended at 5 x 107 per ml in 0.8 M sorbitol medium with 100 mM fructose as energy source and were incubated at 30 C for 80 min. To 2.5-ml volumes of the suspension, 25 MCi of 3H-uridine/ml (specific activity, 40 Ci/ mmol) was then added, and the mixtures were incubated for 5 min in the presence and absence of lomofungin (40 gg/ml). The samples were chilled rapidly by adding 1 ml of frozen, crushed 0.8 M sorbitol medium and were centrifuged for 2 min at 3,000 x g. RNA was extracted and purified as described by Udem and Warner (26) with the modification that 1:1 (vol/vol) phenol-chloroform was substituted for the phenol-cresol mixture.
RNA analysis by acrylamide gel electrophoresis was as described by Udem Mliters of 0.1% pyronine Y (as a visible marker), in a total volume of 30 Mliters or less, was loaded onto the gels and electrophoresis was carried out at 50 -60 V (or 5 mA per tube) for 80 min. After electrophoresis, the gels were frozen and sliced into 1.3-mm fractions with a razor blade device. The gel sections in the vial were treated with 0.2 ml of 0.3 M Nuclear-Chicago Solubilizer (in toluene) and 0.04 ml of 1 N NaOH. After ovemight at room temperature, 5 ml of tolueneOmnifluor (New England Nuclear Corp.) scintillation mixture was added and the radioactivity was counted in a Packard Tri-Carb liquid scintillation spectrometer.
For labeling the stable RNAs, strain 1016 (1.5 x 107 cells per ml) was grown in modified Vogel's medium with "4C-uridine (0.2 MCi/ml; specific activity, 50 mCi/mmol) for two generations (4 h). Protoplasts were prepared, and RNA was extracted and purified as for the pulse experiment with 'H-uridine.
Preparation and use of poly U fiberglass filters for binding of polyadenylic acid (poly A)-containing mRNAs. The procedure for preparation of polyuridylic acid (poly U) fiberglass filters with Whatman GF/C paper by ultraviolet irradiation was essentially according to Sheldon, Jurale, and Kates (21) . Amounts of 3 to 6 Mg of 8H-RNA (pulse-labeled for 5 min) were dissolved in 2.0 ml of binding buffer [0.01 M tris(hydroxymethyl)aminomethane-hydrochloride (pH 7.5)-0.12 M NaCl] and filtered slowly at 2 -3 ml per min through the fiberglass filters. The filters were washed with 20 ml of binding buffer at 25 C, then by 20 ml of ice-cold 5% trichloroacetic acid, and finally by 10 ml of ice-cold 95% ethanol. The filters were dried; they were then suspended in 5 ml of toluene-Omnifluor (New England Nuclear Corp.) scintillation mixture, and radioactivity was counted.
Chemicals. All chemicals were of reagent quiality. Adenine-8-'4C (60 mCi/mmol), '4C-uridine (56 mCi/ mmol), and 'H-uridine (20 (Fig. 1) . Even at 1 ,g per ml, there was a reduction in growth rate of about 50%.
Gottlieb and Nicolas (5) reported that the synthesis of RNA (and DNA by whole cells of S. cerevisiae was strongly inhibited by lomofungin. We investigated this phenomenon in protoplasts of Saccharomyces 1016 and found that incorporation of 3H-uridine into RNA was very sensitive to the drug, whereas incorporation of "4C-amino acids into protein was relatively insensitive (Table 1) . At 40,g per ml, lomofungin produced an 85% decrease in RNA synthesis within the first 5 min of incubation; during the same period, synthesis of protein decreased only 12%.
The time course of inhibition of RNA and protein synthesis in protoplasts by lomofungin is presented in Fig. 2 . Inhibition of RNA synthesis (uridine incorporation, Fig. 2A; adenine, Fig.  2C ) was rapid and with 40 ,ug of lomofungin per ml was almost complete after 10 min of incubation. In the same protoplast suspension, total protein synthesis was not substantially affected after 20 min of incubation and continued for at least 40 min (Fig. 2B) . Acrylamide gel analysis of the total RNA synthesized during 5-min pulses of 3H-uridine demonstrated that most newly labeled RNA is of high molecular weight and heterogeneous in size; the amount of low- sents only about 2% of the labeled total RNA (Fig. 3A) . The heterogeneous 3H-RNA represents mainly ribosomal precursor RNAs and mRNA (13, 26) . When RNA of cells which had been labeled with "4C-uridine for several generations before protoplasting was examined, the stable RNA consisted almost entirely of the 25S and 18S ribosomal RNAs (rRNAs), although 4 to 5S RNA was also demonstrable (inset of Fig.  3A) .
After treatment of the protoplasts with lomofungin (40 Ag/ml) for 5 to 10 min, the formation of all large species of RNA during short exposures of 3H-uridine was almost completely inhibited, whereas the peak of small RNA species was not much affected as compared with the control (Fig. 3B) (22) . In the present studies, the poly A content of RNA pulse-labeled with 3H-uridine for 5 min in the absence or presence of lomofungin was measured by hybridization of the poly A sequences to poly U that has been immobilized on a fiberglass filter by ultraviolet irradiation as described by Sheldon, Jurale, and Kates (21) . During a 5-min pulse, the amount of poly A-containing 3H-uridine incorporated into mRNA was approximately 10 to 15% of the total RNA labeling ( Table 2 ). In the presence of lomofungin, the reduction in amount of 8H-RNA retained on poly U filters (the mRNA) was closely correlated to the inhibition of total RNA labeling, showing that synthesis of mRNA and synthesis of rRNA are equally sensitive to the drug.
Effect of lomofungin on enzyme induction and synthesis by protoplasts. Yeast protoplasts are capable of synthesizing both internal and secreted enzymes under the conditions used in these studies, and the mannan-protein enzymes invertase and acid phosphatase are liberated into the incubation medium during the course of their synthesis (16) . The present report deals with the effect of lomofungin on the induction and formation of several enzymes under conditions in which synthesis of rRNA and mRNA (but not protein) is promptly inhibited ( Fig. 3 ; Table 2 ). Freshly prepared protoplasts produced very little invertase until 40 to 60 min after addition of a hexose (Fig. 4) . Addition of lomofungin either at 40 min, when invertase production is beginning, or at 80 min, when the maximal rate has been essentially reached, halted invertase production only after a lag of about 30 min, although the total amount of the enzyme formed in the presence of lomofungin was about twice as great with the more active protoplasts. Addition of cycloheximide (4 gg/ml), which is known to inhibit cytoplasmic protein synthesis at the ribosomal level (18, 22) , almost immediately halted invertase formiation (Fig. 4) . The derepressed formation of another external enzyme, acid phosphatase, was also affected by lomofungin only after a lag of 20 or 30 min (J. 0. Lampen, S.-C. Kuo, and F. Cano, Int. Symp. on Yeast Protoplasts, 3rd, October 1972, Salamanca, Spain, in press); however, when this antibiotic was added under repressed conditions (high phosphate medium), subsequent derepression of acid phosphatase synthesis was prevented.
It was important to determine whether lomofungin could inhibit the induction and synthesis of a-glucosidase since this is an intracellular, carbohydrate-free enzyme (6, 14) . a-Glucosidase synthesis by protoplasts is readily induced by maltose (16, 27) . Protoplasts were first incubated for 70 min in a medium containing 20 mM fructose plus a mixture of amino acids (0.5%). During this period, some invertase was synthesized and liberated into the suspending medium (Fig. 5) . The protoplasts were then spun down and suspended in fresh medium to which was added 20 mM maltose as inducer for a-glucosidase. Lomofungin (40 ,g/ml) was added at the same time as the maltose (70 min) or 40 min later. The induction of a-glucosidase was almost completely prevented by lomofungin (Fig. 5A ). Once the protoplasts had been induced, further synthesis of the enzyme was not severely impaired until after 30 to 40 min of incubation with lomofungin, but was rapidly inhibited by cycloheximide, 4,g/ml (Fig. 5A) . As would be anticipated from the results shown in Fig. 4 , invertase synthesis by the same protoplasts (Fig. 5B ) became inhibited only after 40 min of incubation with the lomofungin, regardless of whether it was added with the maltose (70 min) or 40 min later, and cycloheximide produced rapid inhibition.
DISCUSSION
Our results confirm and extend the findings of Gottlieb and Nicolas (5) and show that RNA synthesis of yeast protoplasts is rapidly and preferentially inhibited by lomofungin. With high concentrations of the drug (40 gg/ml), RNA synthesis was almost completely halted in 10 min, whereas protein synthesis continued at a substantial rate for at least 40 min. Analysis of the total RNA synthesized during short exposures to 3H-uridine indicated that formation of both ribosomal precursor RNAs and mRNA was severely inhibited, but the low-molecularweight RNA (4 to 5S) was not. The concept that the primary site of lomofungin action is the synthesis of RNA was further supported by in vitro studies, in that protein synthesis by a cell-free system was insensitive to levels of lomofungin as high as 100 Ag/ml (5) and the yeast RNA polymerases were inhibited by lomofungin (3).
Antibiotics such as actinomycin D and rifampin inhibit the process of transcription and consequently of mRNA formation. The appearance of enzyme in the presence of these antibiotics is assumed to be coded for by pre-existing messengers, and the stability of mRNA for a particular enzyme is then deduced from the rate of decline of enzyme formation after the onset of inhibition of RNA synthesis (2, 4, 9, 10, 17) . Unfortunately, these antibiotics are relatively ineffective in yeast because of either poor permeability or failure to inhibit yeast RNA polymerases (8, 20, 24 (11) or with a polyene antibiotic, e.g., amphotericin B (20) ; however, when one wishes to study the formation of extracellular enzymes, alteration of the plasma membrane, with possible direct effects on the release process, is an undesirable complication. Thus, lomofungin should prove useful for examining the extent of transcriptional control of enzyme synthesis and secretion in yeast protoplasts.
The observation that lomofungin at 40 Ag/ml prevented almost completely the induction of a-glucosidase (Fig. 5) or derepression of acid phosphatase (Lampen et al., in press) supports the concept that synthesis of new mRNA (i.e., transcription) is involved in the induction or derepression of these two enzymes. However, if the protoplasts were actively synthesizing aglucosidase, acid phosphatase, or invertase when lomofungin was atdded, further production of the enzymes did not decrease until after 30 to 40 min, that is, 20 to 30 min after mRNA synthesis had almost ceased. During this period, continued synthesis of mRNA was apparently not essential for the de novo formation of these enzymes. Addition of cycloheximide produced prompt inhibition. Although our findings are consistent with the existence of relatively long-lived mRNA for these enzymes examined, further studies will be required to explain the phenomenon.
One cannot decide from the available data whether synthesis of the enzymes eventually halted because the supply of mRNA molecules became rate-limiting or whether there was a VOL. 3, 1973 on November 6, 2017 by guest http://aac.asm.org/ generalized decay of protein synthesis, since synthesis of rRNAs was also inhibited and the rate of "4C-amino acid incorporation was beginning to decrease at about the same time. Singer and Penman (23) recently reported that the decay of protein synthesis by HeLa cells in the presence of actinomycin D was not due to the degradation of messenger molecules, but to a failure in the initiation of translation.
